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ABSTRACT

Adhesion studies were made with copper, tungsten, oxidized tungsten, and quartz
contacting a nickel (111) surface. The copper, tungsten, oxidized tungsten, and quartz
were in the form of 1 mm diameter flat ended fibers. Loads of 20 to 150 mg were em-
ployed with surface contact times of 10 to 300 sec. The nickel (111) surface was exam-
ined before and after adhesion contact with LEED. With clean metals, fracture in ten-
sion occurred in the lower cohesive strength material. When copper contacted nickel, a
surface alloy formed. The contacting of clean nickel with an oxidized tungsten surface
resulted in oxygen transfer from tungsten to nickel with surface rearrangement. Quartz
adhered to nickel with fracture occurring in the quartz on separation of the surfaces.
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LEED STUDY OF THE ADHESION OF VARIOUS MATERIALS TO
THE (111) SURFACE OF NICKEL
by Donald H. Buckley

Lewis Research Center

SUMMARY

An investigation was conducted to determine the nature of adhesion of four materi-
als to a nickel (111) surface using LEED, The four materials contacting the nickel (111)
surface were copper, tungsten, oxidized tungsten, and quartz. These four materials
were in the form of 1-millimeter-diameter flat ended fibers. Adhesion contact was made
at loads from 20 to 150 milligrams and at contact times from 10 to 300 seconds.

The results of the investigation indicate that, with clean metal surfaces in contact,
fracture in tension of adhesive contacts occurs in the lower cohesive strength material;
that is, cohesive rather than adhesive bonds are broken. With copper, an alloy was ob-
served to form on the nickel surface. Contacting clean nickel with oxidized tungsten re-
sulted in oxygen transfer to nickel by tungsten oxide reduction and subsequent surface
rearrangement of the oxygen on nickel. With quartz, adhesion of the quartz to nickel oc-
curred with fracture taking place in the quartz on separation of the surfaces.

INTRODUCTION

There are a number of devices which have been used in recent years to aid in the
study of the atomic nature of solid surfaces. One device which appears especially useful
in the study of adhesion is LEED (low-energy electron diffraction). With LEED, it
should be possible to determine surface changes which occur in the outermost atomic
layers as a result of the contact of two solid surfaces,

The metal which has probably been examined with LEED in more detail than any
other, with the exception of tungsten, is nickel. Various atomic planes of nickel have
been examined in the clean state and in the presence of various adsorbed surface films
(refs. 1 to 10). From a practical point of view, it is a metal of extreme interest in the



field of catalysis and should be of interest to the field of lubrication because of its use in
alloy form in this field.

The objective of this investigation was to examine, with LEED, the adhesion of
three materials in contact with the (111) close-packed plane of nickel. The (111) plane of
nickel was selected for study for the following reasons: (1) it has the highest modulus of
elasticity, and therefore, the greatest resistance to plastic deformation, (2) it has the
least chemically active surface (ref. 11), and (3) in adhesion studies with another face-
centered cubic metal, copper, this particular plane exhibits the least tendency toward ad-
hesion (ref., 12).

The materials examined in contact with the (111) nickel surface were (1) copper,
(2) tungsten, (3) oxidized tungsten, and (4) quartz. Copper was selected because it is not
as strong as nickel; hence, it was anticipated fracture would occur in copper on the
breaking of junctions. Tungsten was examined for the opposite reason, namely, that with
tungsten in contact with nickel, adhesion of nickel to tungsten would occur. Oxidized
tungsten was studied in contact with nickel to determine if oxygen '"'uptake'' would occur.
Lastly, quartz was examined because it is noncrystalline in the form used and a source of
oxygen from a brittle material. Further, it should not superimpose a pattern on nickel.

Experiments were conducted with 1- millimeter-diameter flats of the above mentioned
materials in contact with the nickel (111) face at loads from 20 to 150 milligrams and
contact times from 10 to 300 seconds. All experiments were conducted in a vacuum of

8.0x10™ 11 to 2.0x10710 torr.

MATERIALS

The nickel used in this study was triple-zone vacuum refined, containing as the prin-
cipal bulk impurities 37 ppm carbon, 18 ppm oxygen, 3 ppm nitrogen, and 12 ppm iron.
The fiber materials, copper and tungsten, were also of high purity as was the quartz.
The oxygen and hydrogen gases were of a reagent grade., Mass spectrometer analysis of
the hydrogen (high purity) indicated the presence of hydrocarbons. The gas was there-
fore purified before use by passing it through liquid-nitrogen- cooled molecular sieve ma-

terial.

EXPERIMENTAL PROCEDURE

The nickel crystals used in this study were electric discharge machined from a rod
into specimens 6 millimeters in diameter by 3 millimeters thick. They were polished on
abrasive paper down to 600 grit and then electropolished in phosphoric acid to remove
the worked layer. Orientation was determined initially before and rechecked after
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Figure 1. - Surface profile of electropolished (111) nickel surface,

, machining by the Laue X-ray technique. The crystals were spot welded (on the flat face
opposite that used in the experiments) to a tantalum holder for resistance heating. They
were then mounted in the apparatus.

A surface profile of the nickel surface obtained with a surface profilometer is shown
in figure 1. It is of interest to note that the characteristic asperities frequently shown
for surfaces in lubrication studies are not present. It appears as if these are removed in
the electropolishing process or are of such small size as to be unresolved at the magnifi-
cations indicated.

APPARATUS

The apparatus used in these studies is shown schematically in figure 2. The single-
crystal surface mounted in the center of the chamber could be rotated 360°. This rota-
bility allowed for the making of adhesion measurements on the crystal surface shown in
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Figure 2, - LEED adhesion apparatus.




figure 1, then rotating the crystal 180° and obtaining a LEED pattern from the crystal
surface in the adhesion contact area. The crystal could also be moved in the lateral and
vertical directions. )

The crystal specimen was supported in the chamber by means of two insulated metal
rods, and a thin tantalum holder was used to resistance heat the crystal. A 100 ampere
ac power supply was used for resistance heating.

The fiber, which contacted the single-crystal metal surface, was mounted in a
stainless-steel holder which was, in turn, mounted to a 1, 5-millimeter-diameter
stainless-steel beam. The beam was mounted in a bearing containing yoke. At the end of
the beam beyond the pivot point, and opposite the fiber specimen, was a small permanent
magnet. Outside the chamber wall were two electromagnets. The permanent and elec-
tromagnets were positioned in such a manner as to have like poles facing each other. A
simple variation in the current applied to the magnets could be used to move the beam,

The current applied to the electromagnets was calibrated in terms of the force ap-
plied in the adhesion experiments. Load applied to the surfaces in contact was measured
by current as was the force required to separate the crystal surfaces.

The LEED electron optics and the vacuum system were of the standard type used by
those engaged in LEED studies and is adequately described in the literature (refs. 13
and 14). The basic LEED system was obtained commercially. The electron optics sys-
tem was of the Varian three-grid type. The diameter of the beam was 0.6 millimeter.
The vacuum system consisted of vacsorb pumps, an ion pump, and a sublimation pump.
The system pressure was measured with a nude ion gage and all experiments were con-
ducted with the vacuum system in the range of pressures from 8. ox10™11 to 2, 0x10710
torr. No cryopumping was used.

RESULTS AND DISCUSSION

The (111) nickel surface, as it relates to the other atoms within the framework of the
face-centered cubic structure, is shown in figure 3 at the top. The ABC layer stacking is
shown with the (111), or A, surfaces indicated. The A surface shown in the plan view is
reproduced in the lower part of figure 2 indicating the unit mesh.

If the nickel surface is heated for 3 hours to 1000” C in vacuum, the LEED pattern
obtained is that shown in figure 4(a). The nickel is covered with a structure resulting
from the diffusion of carbon to the nickel surface on heating. The methods for cleaning
such a nickel surface are described in the literature (refs. 8 and 10). It consisted essen-
tially of reacting the surface with oxygen to remove carbon and subsequent oxygen re-
moval with hydrogen and, finally, heating to remove hydrogen. The pattern of figure 4(b)
was obtained after this process for the clean nickel surface. The structure of figure 4(b)
relates as it should to the atomic arrangement of the surface indicated in figure 3.

4




(a) Single heating of crystal in vacuum to 1000° C; contaminated sur- (b} Hydrogen cleaning of surface subsequent heating to 1000° C; clean
face; 110 volts, surface; 75 volts,

Figure 4, - Photographs of nickel (111) surface contaminated and hydrogen cleaned.

011

CD-10343-17

A or surface layer

Figure 3. - (111) Atomic arrangement and surface structure with unit
mesh for face-centered cubic system (e.g., nickel),



ADHESION WITH COPPER

Adhesion experiments were made with copper contacting the (111) nickel surface un-
der a load of 20 milligrams for a contact time of 10 seconds. When the specimens were
separated (separation requiring a force of 80 mg), the pattern of figure 5(a) was obtained.
The pattern of figure 5(a) is for clean copper in contact with the nickel surface. If the
copper were not clean, this pattern was not obtained.

The pattern of figure 5(a) represents the uptake of copper into the nickel surface
structure in an ordered fashion as shown with the aid of figure 6. Copper at these light
loads is not transferred to the nickel surface in random spots where adhesion of the cop-
per occurred but rather in a very definite lattice site. The LEED pattern would indicate
the formation of a surface alloy of copper in nickel with an alloy-type structure.

The nickel lattice has been expanded in figure 5(a) with the addition of copper in keep-
ing with Vegard's Law for solid solutions in the bulk. Nickel has a lattice parameter of
3.5238 i\, a distance of closest approach of 2. 491 A, and an atomic radius of 1.24 A.
Copper has a lattice parameter of 3.6153 f&, a distance of closest approach of 2. 556 A s
and an atomic radius of 1,28 A, The deviation from Vegard's Law is slight and the nickel
lattice normally in the bulk continues to expand on the addition of copper. Since the
atomic arrangement for a clean nickel surface is the same as is the bulk (i.e., the sur-
face plane of atoms is parallel to planes in the bulk (ref. 13)), alloying behavior would not
be expected to differ markedly, thus explaining the expansion of figure 5(a).

The formation of surface alloys has been observed with vapor deposition of gold on a
cleém copper (100) surface at room temperature (ref. 15). With vapor deposition, the
metal atoms arrive at the surface in the vapor phase and must, although the authors of
reference 15 did not so specifically state, rearrange after surface arrival. In the study
reported herein, however, the copper contacts the nickel in the solid state, adhesion of
copper to nickel occurs and copper rearrangement must subsequently take place.

The ordering of copper in the nickel as seen in figure 5(a) is not seen in bulk alloying
(refs. 16 and 17). In reference 16, care was taken, however, not to preclude its exis-
tence. Such observations of surface behavior warn against the use of bulk properties in a
consideration of surface phenomena such as adhesion.

The LEED patterns of figures 5(a), (b), and (c) at various loads indicate that, within
the load range employed, the copper is not being transferred to the nickel by subsurface
fracture but rather the copper is being atomically transferred from the surface. It must
be pointed out that this is not the case at heavier loads; also, even at light loads, the pos-
sibility of bulk transfer cannot be excluded. Under heavy loads, fracture in the copper
bulk will occur.

In the light load region of figure 5 then, one would not apply fracture mechanics to
the adhesion process but rather one would apply cohesive energy considerations. Since



(a) 20 milligrams; 75 volts, (b) 80 milligrams; 75 volts.

(¢} 150 milligrams; 75 volts.

Figure 5. - Photographs of nickel (111) surface after contact of that surface with 1-millimeter-diameter copper fiber.



Nickel

Copper

Figure 6, - Atomic arrangement of copper in nicke! lattice.

the transfer process occurs by an adhesion of copper atoms to nickel, there must be a
breaking of cohesive bonds in the copper. This, of course, means that the cohesive
copper-to-copper bonds are weaker than the copper-to-nickel adhesive bonds. This is
not surprising since many compounds and alloys are stronger than either of the parent
materials (ref. 18).

Since cohesive energy in copper is that which must be overcome in separating the
surfaces of copper and nickel, then it is worthwhile to examine briefly the concept of co-
hesive strength. It could be approached from a chemical bonding point of view, but this
would be a laborious process, and the results might not be too reliable. A better and
simpler approach is to compare physical properties with cohesive strength,

There are four very simple equations which have been developed for cohesive
strengths and these are discussed in reference 18. The simplest is

1/2
C, = 0.52 ET
Yo

where

C, cohesive stress, dynes/cm2
E Young's modulus, dynes/ cm2
T surface energy, dynes/cm2
Yo initial atomic separation

The first observation for cohesive energy is that if adhesion occurs with stronger bonding
than in either of the parent materials, copper will adhere to nickel. This is what has been
observed (fig. 5). Using this equation a cohesive energy of 2. ox1011 dynes per square
centimeter is obtained. This then would be the force required to separate the specimen if
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Figure 7. - Force of adhesion of copper to nickel (111) as function of
contact time and ioad. Copper diameter 1,0 millimeter; tempera-
ture, 20° C; ambient pressure, 1.0x10°10 torr.

it were not for crystal imperfections. If the real contact area were known, by resistivity
or some other measurement, the actual forces of adhesion in figure 7 could be compared
directly to the cohesive strength of the copper to determine the effect of imperfections.

If contact area is calculated from the applied load in the experiment and the tensile
cohesive strength of the copper is calculated from contact area, a value of 2. 5><108 dynes
per square centimeter is obtained. This value is nearly three orders of magnitude lower
than the calculated cohesive strength of copper of 2, O><1011 dynes per square centimeter,
The large difference may be due to vacancies and dislocations in the copper and misfit
dislocations at the copper-nickel interface.

The effect of contact time and load on the force required to separate a copper-nickel
adhesion couple is shown in figure 7. The initial dependence of the adhesion force on con-
tact time in figure 7(a) is indicative of plastic behavior of the copper even at the very light
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load employed. Localized creep occurs until the load is supported (in fig. 7(a), up to a
contact time of 30 sec) and then the adhesion force is independent of contact time (30 to
300 sec contact time in fig. 7(a)).

The adhesive force for copper to nickel is presented at various loads in figure 7(b).
Each data point represents an average of six data points obtained at different locations on
the crystal face. The force of adhesion at a 1load of 20 milligrams and 10-second contact
time was approximately four times the applied load. At applied loads of 40 and 60 milli-
grams the force required to separate the surfaces was approximately 10 times that of the
applied load. With loads in excess of 60 milligrams, the adhesion force was in excess of
600 milligrams and beyond the measurement limits of the apparatus. The separation
force at light loads is a function of the contact area and the cohesive strength of the cop-
per, the area increasing with increase in load or applied stress.

ADHESION WITH TUNGSTEN

If the fiber specimen contacting the nickel (111) had a markedly higher strength than
nickel (rather than lower, as for copper), it would be anticipated that the changes dis-
cussed in reference to copper earlier would now take place in the nickel surface being ex-

100
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(b) Load. Contact time, 10 seconds.

Figure 8. - Force of adhesion for tungsten in contact with nickel
(111) surface as function of contact time and load. Tungsten diam-
eter, 1.0 millimeter; fiber temperature, 20° C; ambient pressure,
8.0x10 M torr,
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amined by LEED. Experiments were therefore conducted with a tungsten fiber contacting
the nickel surface. The data of figure 8 present the adhesion force as a function of con-

tact time at a fixed load of 20 milligrams and as a function of load for a fixed contact time
of 10 seconds. In figure 8(a) the adhesion force is essentially independent of contact time.

The data of figure 8(a) are to be contrasted with those of figure 7(a) where microplas-
tic (creep) of copper occurred. In figure 8(a) the material which will deform should be
nickel, Nickel, however, is nearly twice as resistant to deformation as copper. Thus,
under equivalent load conditions at the interface, nickel should behave less plastically than
copper. The adhesion data of figure 8(a) indicate that it does. The nickel surface does,
however, deform with residual material strain as shown by the LEED pattern of figure
9(a). The spots are no longer sharp as in figure 4(b) but have become elongated due to
permanent lattice strain.

Figure 9(a) should be contrasted with figure 5(a) where lattice strain appears not to
have occurred to any appreciable extent. The difference is due to two factors: (1) the
copper of figure 5(a) is straining rather than the nickel in figure 9(a) and (2) the nickel-
copper alloy formed in figure 5(a) would be more resistant to strain than the pure metal.
Thus, while strain occurred to nickel under a 20-milligram load, it did not alter the ad-
hesion force measured in figure 9(a). If a more sensitive device could have been used,
some difference in adhesive force as a function of contact time should have been ob-
served.

The data of figure 8(b) indicate the effect of load on adhesion. Figures 9(b), (c), (d),
and (e) indicate the surface after adhesion at various loads as seen by LEED. The extent
of surface deformation increased with increasing load. It should be noted in figure 8(b)
that at 100 milligrams load, a marked increase in adhesion force has occurred. Careful
examination of figure 9(e) shows that, in addition to surface streaking, spot splitting ap-
pears to have occurred., The pattern of figure 9(e) is believed to reflect localized twinning
in the zone of contact which occurred during deformation. Normally, twinning in a crystal
having a face-centered cubic structure results in an alteration of the packing arrangement
from ABC ABC to CBA CBA. The first surface layer, or B layer, is the same in both
the crystal and its twin, In the twin of figure 9(e), an A and C structure may exist on the
surface (see fig. 3) with a common B subsurface layer.

From the data presented thus far, it can be seen that the choice of mating surface has
a pronounced effect on the behavior of a clean nickel surface. If the mating surface (cop-
per) is less resistant to strain than the nickel, little, if any, change in nickel occurs.
When the mating surface (tungsten) is more resistant to strain, marked strain will occur
in nickel even at loads as low as 20 milligrams. A surface compound was observed to
form with copper in contact with nickel. This occurred because both surfaces were clean.
Experiments were conducted to determine the effect when one surface was not clean but
contained an oxide. When nickel-copper experiments were conducted with oxidized cop-

11



(a) 20 milligrams; 75 volts. (b) 40 milligrams; 75 volts.

{c) 60 milligrams; 75 volts, (d) 80 milligrams; 75 volts.

(e} 100 milligrams; 75 volts.

Figure 9. - Photographs of nickel (111} surface after contact by clean 1-millimeter-diameter tungsten fiber.
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per, no intermetallic structure was observed to form. When experiments were conducted
with oxidized tungsten, some interesting results were observed with LEED.

ADHESION WITH OXIDIZED TUNGSTEN

Experiments were made at various loads with a tungsten fiber which had been delib-
erately preoxidized contacting the nickel (111) surface. The LEED patterns obtained after
adhesion experiments at various loads are presented in figure 10. At a load of 20 milli-
grams, oxygen was transferred from the oxidized tungsten tip to the nickel surface re-
sulting in a chemisorbed layer of oxygen giving a Ni (111) 3x3 - R(30°) structure. This
means that the oxygen has three times the lattice spacing in the [01] and [10] directions
and is rotated with respect to its 30°. The structure is shown schematically in figure 11.
Note in figure 10(a) that the amount of surface deformation is not as extensive as observed
in figure 9(a) in the absence of oxygen. This is due to a reduction in adhesion in the pres-
ence of oxygen. The adhesion forces measured corresponding to figure 10 were markedly
lower than those obtained in the absence of oxygen (fig. 8).

In figure 10, when the load reached 150 milligrams, the surface had undergone strain
and both the nickel and the oxygen spots had become elongated. The interesting aspect of
figures 10(a) to (e) is that oxygen is transferred from tungsten to nickel in an ordered
fashion just as it might from the gas phase. This would seem to indicate fairly conclu-
sively that oxygen rearrangement takes place on the surface after transfer.

Nickel will take up surface oxygen into its bulk (ref. 10). If then, the surface struc-
ture of figure 10(e) is in fact chemisorbed oxygen, simple heating should bring about oxy-
gen diffusion into nickel. Heating the nickel surface of figure 10{e) to 1000° C for 30 min-
utes resulted in the LEED pattern of figure 10(f) where the chemisorbed oxygen has been
shown to dissolve completely in the nickel (ref. 10). The strain pattern of the nickel is,
however, still prominent.

The LEED patterns of figure 10 indicate that oxygen from metal oxides may be trans-
ferred from one surface to another. Thus, reviewing briefly, with clean copper in con-
tact with clean nickel, copper arranged itself in an orderly fashion on the nickel surface
after the copper was pulled from its parent lattice sites by the adhesion process. With
clean tungsten, transfer was observed from nickel to tungsten with strain in the nickel
surface. With clean metals in contact, the cohesively weaker metal transfers to the
stronger. The modulus of elasticity of a metal reflects the atomic cohesive strength and
therefore the forces required to separate surfaces after adhesion (see relation in refer-
ence to copper-nickel),

13



() 60 milligrams; 75 volts. (d) 100 milligrams; 65 volts.

(e) 150 milligrams; 65 volts. {f 150 milligrams; 65 volts {after 30-minute anneal at 1000° C.

Figure 10. - Photographs of nickel (111) surface after contact of that surface with 1-millimeter-diameter oxidized tungsten fiber at various loads.
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Figure 11. - Transfer of oxygen to (111) nickel surface
from oxidized tungsten (see photograph of LEED
pattern in fig, 10(a)).

With oxidized tungsten, the clean nickel reduces the tungsten oxide by oxygen trans-
fer. The reduction probably results in the formation of a lower tungsten oxide:

WO3 + Ni —»WO2 + NiO (1)

Examination of the chemical relations indicate a less stable oxide for nickel than for
tungsten. The oxides of tungsten, however, would vary in their dissociation energies.
The removal of single oxygens from WO3 becomes successively more difficult with the
removal of each oxygen. The removal of the first oxygen should be relatively easily
achieved. The reduction, for example, of WO3 to WOZ with hydrogen may be achieved at
a temperature of 750° C or less.

The presence of the oxide on tungsten resulted, in addition to oxygen transfer, in a
reduction of nickel strain. This reduction in nickel strain under equivalent loads exists
from two effects, both of which contribute to the change in strain. These are (1) the
presence of the oxygen reduces the force of adhesion and (2) the transfer of oxygen to the
nickel surface imparts to it greater resistance to strain (Roscoe Effect ) (ref. 13). In
relation to the first, as the amount of metal-to-metal contact is reduced, thereby reduc-
ing the adhesive force, less metal is strained in tension on surface separation. It should
be noted that adhesion still occurs with these thin oxygen films present. It would be of
interest to know if this reducing power of the clean nickel surface will effect oxygen trans-
fer from a more stable oxide than tungsten oxide.

ADHESION WITH QUARTZ

Oxygen is much more strongly bonded in silicon dioxide than in tungsten oxide., Ad-
hesion experiments were therefore conducted with a quartz fiber contacting the nickel

15



(a) 20 milligrams; 105 volts. (b) Alongside 20 milligrams contact zone, 105 volts.

(c) 40 milligrams; 105 volts. (d) 140 milligrams; 105 volts.

(e} 140 milligrams; 105 volts (after heating to 1000° C).

Figure 12. - Photographs of nicke {111) after contact of that surface with 1-millimeter- diameter quariz fiber.
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(111) surface at various loads to determine the activity of a clean surface with respect to
a very stable oxide. LEED patterns obtained are presented in figure 12. 1In figure 12(a)
new streaked spots appear in the basic nickel pattern (contrast fig. 12(a) with pattern of
fig. 4(b) for clean nickel).

If a LEED pattern is taken alongside the actual adhesion contact zone, the pattern of
figure 12(b) is obtained. It reflects the presence of something on the surface since inten-
sity has been diminished., Figures 12(c) and (d), much like figure 12(a), indicate the pre-
sence of material transfer to the nickel surface. The question is whether the material
transferred is oxygen or silicon dioxide.

If the transferred material in figures 12(a), (c¢), and (d) is simply oxygen, then heat-
ing to 1000° C should be sufficient to diffuse the oxygen into the nickel as was observed in
figure 10(f) with oxidized tungsten. Heating, however, resulted not in the obtaining of a
clean nickel surface, but rather the pattern of figure 12(e). This pattern should be con-
trasted with that of figure 10(a) where oxygen formed with the nickel a Ni(111) 3x3 - R(30°)
structure. Careful examination of figure 12(e) indicates three sets of spots. There are
those of the basic nickel structure, with a second set of lesser intensity which form a dis-
torted (2 % 2) structure and a third set of least intense spots whose pattern is not readily
discernible., The pattern is not that simply of oxygen on the surface.

The atomic match of oxygen of silicon dioxide to the nickel (111) surface is shown in
figure 13. The matching of a silicon dioxide dimer to the nickel surface results in a rea-
sonable fit. It is this matching which may account for the transfer of silicon dioxide to

_— First layer oxygen

—Second layer silicon

(b} Nickel (111) surface,

Figure 13, - Possible bonding sites for oxygen of silicon
dioxide bonding to (111) nickel surface.
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the nickel surface in figure 12(e) rather than oxygen as was observed with tungsten oxide.

A difficulty arises when the pattern of figure 12(e) is regarded as transferred silicon
dioxide being present on the nickel surface. The silicon dioxide (if, in fact, that is what
is present on the nickel surface) undergoes rearrangement on heating into an ordered
structure. This was not observed with a rhenium (1010) surface in a similar study
(ref. 20). The difference in results may be explained in terms of the amount of silicon
dioxide transferred to the two different metals. With rhenium, the oxygen surface fit ap-
peared to provide for bonding to alternate rows of rhenium atoms which, because of atom-
ic mismatch, would produce considerable stress in the silicon dioxide. This stress pro-
duced subsurface fracture in the silicon dioxide. As a consequence, particles of silicon
dioxide transferred to the rhenium surface and would not rearrange on heating.

In figure 13, however, a good surface match between oxygen and nickel is observed.
This may result in a minimal stress and the transfer of a monolayer (or less than a mono-
layer) of silicon dioxide. Such minimal transfer was observed with copper where there
was a good lattice matching of copper to nickel.

In this study, reference is frequently made to strain in the surface resulting after ad-
hesion contact. One may ask how such is possible, particularly in light of the loads used
and the previous discussion. It is important to note that the strain being referred to is
strain in the outermost atomic layer of the nickel. It is strain in a layer of atoms which

“on one side are not bounded by like atoms but rather have a free surface exposed to vacu-

um. Thus, while the coordination number for nickel in the bulk is 12, on the (111) sur-
face it is only 9. The resistance of these surface atoms to strain is therefore less. Some
simple area assumptions indicated that the elastic limit of such a surface layer may be
orders of magnitude less than that for atoms in the bulk. This is a caution against the use
of bulk properties in trying to understand the surface behavior of materials in adhesion.
The presence of chemisorbed gases on the surface of nickel in this investigation and
rhenium in an earlier one (ref. 20) seem to indicate that the resistance to strain of the
outermost layer of metal atoms is increased with the presence of a surface film, This is
difficult to measure quantitatively because the presence of the gas also inhibits adhesion,

CONCLUSIONS

Based on the adhesion measurements made in this investigation with a nickel (111)
surface and observations of that surface after adhesion measurement with LEED, the fol-

lowing conclusions are drawn:
1. For clean metal surfaces in contact, fracture in tension occurred in the material

of lower cohesive strength. With copper in contact with nickel, it occurred in copper and
with tungsten in contact with nickel, it occurred in nickel.

18



2. With clean copper in contact with nickel (111), a surface alloy was formed in the
adhesion experiments,

3. Transfer of oxygen from tungsten oxide on a tungsten fiber to the clean (111) sur-
face occurred in adhesion experiments. The oxygen rearranged on the surface into an or-
dered structure. This oxygen transfer is believed to result from the reduction of a higher
oxide of tungsten to a low oxide by the clean nickel surface.

4. With the adhesion of quartz to nickel, transfer to the nickel surface occurred.
Based on the nature of the LEED pattern, it is believed that quartz, rather than simply
oxygen, transferred to the nickel surface.

Lewis Research Center,
National Aeronautics and Space Administration,
Cleveland, Ohio, February 25, 1969,
129-03-13-09-22,
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